Rainfall interception is an important part of the urban hydrological cycle. Understanding is limited about the role of urban trees and other vegetation in the interception process. This study quantified interception losses by six trees in the Caribbean coastal city of San Juan, Puerto Rico, three representing a broadleaf evergreen, and three representing a broadleaf deciduous species. Rainfall was partitioned into throughfall for 13 storms to compare the results between tree types. Total rainfall ranged from 2.9 to 72.4 mm, and storm duration spanned 1 h to several days. Six of the storms analyzed were characterized by maximum hourly intensity rainfall rates categorized as heavy (> 7.6 mm/h). Strong northeasterly winds brought rain in sustained gusts up to 35 km/ h. Average interception losses totaled 19.7% for both tree types, 22.7% for the deciduous trees, and 16.7% for the evergreen trees. Throughfall exceeded 90% of total rainfall for each of the six trees on one or more occasions, and heavy intensity storms produced negative interception losses in one individual. The effect of tree type on interception was significant for storms of low and moderate intensity, but not heavy intensity. Differences in interception losses between storms of similar intensity and between the two tree types were influenced by leaf area and wind. Results suggest that individual urban tree canopies function as spatio-temporally dynamic storage reservoirs whose interception capacity can vary as micro-meteorological conditions change. These findings help advance understanding about interception processes in humid tropical urban settings.
Introduction
Rainfall interception by trees is an important part of the urban hydrological cycle, and the spatial and temporal distribution of the hydrographic curve in cities (Xiao and McPherson 2002; Livesley et al. 2016) . Interception processes are regulated by vegetation at multiple scales and in diverse settings (Crockford and Richardson 2000; Llorens and Domingo 2007) , but there is limited understanding of this heterogeneity across urban land cover types. The majority of rainfall interception studies have been conducted in rural forest ecosystems located in arid to tropical climates, with reported annual interception losses ranging from 10 to 50% of total precipitation (Carlyle-Moses and Gash 2011). Relatively few analyses have investigated interception processes in urban areas and how they alter the timing and distribution of runoff. Nevertheless, urban forest canopies have been reported to intercept storm precipitation (Inkiläinen et al. 2013; Livesley et al. 2014; Xiao and McPherson 2016) , with consequent reductions in runoff volumes across the landscape (Wang et al. 2008; Berland and Hopton 2014; Schooling and Carlyle-Moses 2015) . Together with other green spaces, urban and peri-urban trees can contribute to avoided flood control costs and lowered flood risk (Zhang et al. 2015; Kim et al. 2016; Livesley et al. 2016) .
Studies of urban trees in general have focused on temperate zones (Roy et al. 2012) , and experimental interception studies in urban areas are concentrated in northern temperate dry and humid and subtropical dry climates: Xiao et al. (2000a) , Xiao and McPherson (2011) , and Xiao and McPherson (2016) studied interception losses of urban, open-grown hardwood trees in the Mediterranean climate of central California; GuevaraEscobar et al. (2007) examined canopy interception by a broadleaf evergreen tree in the semi-arid climate of Querétaro City in central Mexico's high plateau; Asadian and Weiler (2009) investigated throughfall losses by urban coniferous trees in the cool, humid climate of Vancouver, British Columbia; Livesley et al. (2014) monitored rainfall interception and stemflow by eucalypt street trees in Melbourne, Australia; and Holder and Gibbes (2017) examined differences in rainfall interception among species and their effect on urban hydrology in the semi-arid region of the Colorado Front Range. Rainfall interception studies in rural subtropical and tropical forest settings abound (see Schellekens et al. 1999; Marin et al. 2000; Muoghalu and Johnson 2000; Kumagai et al. 2005; Holwerda et al. 2006; Fan et al. 2014; Chen and Li 2016) , highlighting the importance of interception processes in the hydrologic cycle. Yet there is a disproportionate lack of knowledge about interception processes in the urban tropics. One notable exception is a study by Alves et al. (2018) on the interception capacity of nine city trees in Uruaçu, Brazil. In Central America, CalvoAlvarado et al. (2009) conducted a study in the tropical lowlands of Costa Rica. However, few to no urban interception studies have been published for the Caribbean region.
The hydrological cycle of the humid tropics is driven by intense convective precipitation events that are anticipated to increase in response to global climate change (Wohl et al. 2012) . Urban centers in the humid tropics are also experiencing burgeoning population growth as people migrate to cities from rural areas (DeFries et al. 2010; Seto et al. 2012) . Urbanization processes typically increase the proportion of impervious surfaces that contribute to stormwater runoff (Shuster et al. 2005; Jacobson 2011 ). This combination of factors will contribute to an increase in the number of urban dwellers living in flood-prone areas in the next few decades (Güneralp et al. 2015) . Assessing interception by subtropical and tropical urban trees is essential to broaden the body of knowledge about green infrastructure and urban ecosystem services (e.g., Wang et al. 2008; Jim and Chen 2009; Livesley et al. 2016; Xiao and McPherson 2016) . It is also relevant to informing management practices related to stormwater drainage, environmental quality, and sustainability/urban resilience planning for adapting to climate change (Demuzere et al. 2014; Liu et al. 2014; Silvennoinen et al. 2017) . For example, numerous cities, including Philadelphia (Philadelphia Water Department 2011), Singapore (Lim and Lu 2016) , and Melbourne (Ferguson et al. 2013 ) have allocated tens of millions of dollars toward greening of their urban environments for the provision of environmental amenities, including alleviating the impacts of excessive stormwater runoff. Additional quantitative analysis about how urban trees interact with rainfall across species, geographic settings, and diverse spatial and temporal scales is necessary to develop strategic and cost effective stormwater management strategies (Berland et al. 2017 ).
The interception process
Rainfall interacts with tree crowns, with some droplets passing directly to the ground as free throughfall, or stored on leaf, branch, and bark surfaces. Stored water can later fall as canopy drip and contribute to throughfall, be diverted via branches and trunks to the ground as stemflow, or be intercepted and evaporated back to the atmosphere (Rutter et al. 1975; Xiao et al. 2000b; Carlyle-Moses and Schooling 2015) . Intercepted rainfall can be calculated as the difference between total rainfall above the canopy and net precipitation below the canopy following extraction by plant surfaces (Xiao et al. 2000a; David et al. 2006a ). There are several factors that determine the quantity of precipitation that is captured through interception processes. These include local and micro-meteorological conditions (e.g., total rainfall amount, rainfall intensity, event duration, storm frequency, air temperature, wind speed and direction, and humidity), which control precipitation inputs as well as the rate of evaporation from the tree canopy; the morphological structure of individual tree canopies (e.g., stem branching patterns and angles, leaf and stem surface area, gap fraction), which influence the volume and timing of withincanopy flow; and the spatial characteristics and structure of trees in a given stand (e.g., species, tree height and canopy dimensions, stem density), which regulates the collective volume and timing of flow within a stand (Crockford and Richardson 2000; Xiao et al. 2000b; Staelens et al. 2008; Xiao and McPherson 2016) .
The structural morphology of urban forests and microclimatic conditions can vary from that found in natural forest stands, with consequent effects on interception losses (Xiao et al. 1998 (Xiao et al. , 2000a Inkiläinen et al. 2013) . Many street and park trees are open-grown or isolated, without competition from other vegetation, which may lead to greater amounts of intercepted rainfall by individual trees due to larger canopies (Xiao and McPherson 2002; Schooling and Carlyle-Moses 2015) . Broader, exposed crowns are also subjected to higher wind speeds (Xiao et al. 2000a) , as well as elevated ambient temperatures typical of urban areas (Zipperer et al. 1997; Shepherd 2006) . Together these factors can modify interception volumes through changes in the angle of incidence at which rainfall strikes the canopy (King and Harrison 1998; Xiao et al. 2000a; Carlyle-Moses and Schooling 2015) , and increased evaporation (Xiao et al. 2000a; Guevara-Escobar et al. 2007; Asadian and Weiler 2009) . Alternatively, municipal maintenance practices such as pruning often reduce crown height and overall leaf area of urban shrubs and trees (Peper et al. 2001a; Stabler 2008; Meléndez-Ackerman et al. 2016 ). Xiao and McPherson (2002) examined the influence of tree pruning on leaf and stem surface area of urban trees in California's Central Valley and concluded that rainfall interception was diminished in cities where crown raising and thinning were more frequent and intensive.
Even though available research suggests that canopy interception can occur in city trees located in diverse biomes (Livesley et al. 2014; Schooling and Carlyle-Moses 2015; Alves et al. 2018) , the current literature does not adequately consider the range of structural variability among tree species and types, nor the meteorological conditions that predominate in many of the world's largest metropolitan areas. Further field studies of urban interception processes under distinct rainfall conditions and canopy architectures are required (Xiao and McPherson 2016; Alves et al. 2018 ). This is true at both canopy and stand scales across urban areas in distinct climatic zones (Inkiläinen et al. 2013; Schooling and Carlyle-Moses 2015) , including the subtropical and tropical wet life zones. In that context, the goal of this study was to assess the rainfall interception capacity of urban trees in the Caribbean coastal city of San Juan, Puerto Rico. Specific objectives were to (1) quantify interception by six individuals, three of each from two different urban species representing broadleaf evergreen and broadleaf deciduous trees; (2) determine if there was an effect of tree type on the interception results, and (3) interpret the results in the context of other urban vegetation interception studies. The findings offer insights about the interactions between tree canopies and micro-meteorological conditions that affect hydrologic functions in the urban tropics.
Methods

Study site
This study was conducted in San Juan, situated in northeastern Puerto Rico (18°27′58^N, 66°06′20^W). San Juan is the capital city of Puerto Rico, the smallest of the Greater Antilles islands within the northern Caribbean basin. The city is located within the 67 km 2 catchment of the Río Piedras, a highly urbanized watershed (de Jesús-Crespo and Ramírez 2011). Climatic conditions for the region are consistent with the subtropical moist forest life zone (Holdridge 1967) . Average yearly rainfall within the basin ranges from 1500 mm on the coast to 2100 mm inland, and mean annual temperatures fluctuate between 23.9°C in January and 27.2°C in August (Webb and Gomez-Gomez 1998) . Daytime winds blow from the northeast at speeds of 4.3 to 6.1 m/s, and at nighttime they prevail from the southeast at 2.2 to 4.8 m/s (Lugo et al. 2011) . Precipitation abundance and intensity varies considerably on a seasonal basis, with a drier season occurring from January to April, and wetter periods in May and again from August through November (Lugo et al. 2011) . During the drier season, many deciduous trees lose a portion of their leaves. Tropical storms and hurricanes are important meteorological phenomena in Puerto Rico and several cyclonic events have impacted the metropolitan area in the last century (Lugo et al. 2011) . The spatial and temporal patterns of rainfall distribution over San Juan are complex. A positive trend of increasing rainfall has been observed in the city over the past 50 years, with an intensification in monthly rainfall during the winter months of January and February, which are historically drier, and an increase in severe rainfall episodes (> 78 mm in 24 h) during the spring (April) and summer (June-August) months (Méndez-Lázaro et al. 2014) . Ramos González (2014) calculated that 26.4% of San Juan's area consists of tree cover, representing approximately 3400 ha. Both native and introduced species are abundant and associated with a diversity of land cover and development types (Lima et al. 2013; Brandeis et al. 2014; Staudhammer et al. 2015) . The distribution of urban trees and other woody vegetation throughout the city is driven by complex socialecological processes that occur across multiple spatial and temporal scales (Meléndez-Ackerman et al. 2016 ).
Study design and field measurements
Six individual trees, three representing Calophyllum antillanum Britt, and three representing Albizia procera (Roxb.) Benth (Fig. 1) , were selected within the North Botanical Garden of the University of Puerto Rico-Río Piedras (UPRRP) in San Juan. This sample number is consistent with recent interception studies in the literature; small sample sizes (n < 10) have also been reported by Alves et al. (2018) and Livesley et al. (2014) . In studies with larger samples, conspecific replicates often do not exceed three individuals (e.g., Schooling and Carlyle-Moses 2015) .
The species were chosen because of their occurrence as two of the ten most common trees across the city (Lima et al. 2013; Staudhammer et al. 2015) , and their distinct morphological structure. Calophyllum is a medium-sized evergreen tree native to Puerto Rico with a dense, rounded canopy made up of elliptical leaves. Its bark is rough with numerous rhomboidal cracks (Weaver 1990) . Albizia is a medium-large deciduous tree, that was introduced to Puerto Rico in the early twentieth Century (Little and Wadsworth 1964) . It frequently has multiple outward-spreading stems, and a thin, sparse canopy composed of long, bipinnate leaves with small leaflets. Its bark is smooth and flakes off in thin sheets (Parrotta 1987) . Trees of roughly similar leaf area and canopy dimensions were chosen from both species to minimize structural variability of individuals and thereby focus on differences in hydrologic function between tree types. Proximity of the trees to the Botanical Garden security facilities was also taken into consideration, due to the potential for vandalism or burglary of the sampling equipment. Albizia individuals were all isolated, open-grown trees located in the middle of a fallow field. Calophyllum trees were semi-open-grown, aligned together in a northeast-tosouthwest-trending clump near the field's edge. None of the canopies of the Calophyllum trees overlapped or extended higher than the others. However, they did shade each other from lateral directions, influencing canopy shape, and potentially blocking wind from one or more directions. All six trees were located on flat land.
Each individual tree was assessed for diameter at breast height (DBH), total height, height to base of live crown, and average crown diameter (two perpendicular dimensions) following methods outlined in Nowak et al. (2001) and the Forest Service Inventory and Analysis National Field Manual (U.S. Department of Agriculture Forest Service 2006). We conducted a search for allometric equations relating DBH and/or crown dimensions to leaf area, using Google Scholar, Scopus, and GlobAllomeTree (an international web platform that shares data for assessing volume, biomass and carbon stock of trees and forest; http://www.globallometree.org/). Leaf area regression equations could not be found for the two focal species. Therefore, we calculated leaf area for the six individuals using predictive allometric equations based on the DBH of structurally similar street trees located in coastal Southern California, as developed by Peper et al. (2001b) . The region is part of USDA climate zone 10, which overlaps with Puerto Rico. Albizia leaf area was calculated using the equation for a tree of the same family (Fabaceae), the deciduous Jacaranda mimosifolia. Calophyllum leaf area was calculated using the equation for the broadleaf evergreen Tristania conferta, which has a comparable size and rounded crown with simple leaves. We also considered regression equations developed by Calvo-Alvarado et al. (2008) for several rain forest trees of Costa Rica. However, these were discarded as their growth habit varied substantially from the focal species. The resulting leaf areas were compared against the range of predicted leaf area values reported by Peper et al. (2001b) for the mean DBH of the two reference species.
Canopy throughfall (water passing directly through canopy spaces and dripping off leaves and branches) was measured separately for each tree using HOBO RG3-M (Onset Computer Corporation) tipping bucket rain gauges with Pendant Event automated data loggers. Rain gauges were mounted at a height of 1.37 m above the ground on treated wooden frames staked to the ground below each tree at a random azimuth 1 m from the tree bole (Fig. 2) . Based on methodology used previously in tropical, temperate, and Mediterranean rainfall interception studies (e.g., Schellekens et al. 1999; Šraj et al. 2008; Asadian and Weiler 2009) , two 2-m long aluminum gutters, each with a 4 cm diameter opening (1600 cm 2 surface area total), were hung beneath each tree at a 20-degree angle and used to channel throughfall to the rain gauge. The use of gutters in this manner was intended to capture throughfall from a broader area below the canopy and account for structural attributes of the tree canopies that might lead to both relatively concentrated and deficient canopy drip. The position of the gutters was determined by randomly selecting two perpendicular azimuths from the reference point of the rain gauge, with the condition that the lengths of both gutters were covered completely by the overhanging tree canopy with at least 1 m of canopy overlap, to prevent rainfall external to the canopy from entering the gutters. The height of the gutters above the ground ranged from 1.5 m at the lower end to 2.25 m at the upper end, and the average distance from crown base to gutter was roughly 0.5 m. The lower ends of the gutters were fixed in position to prevent movement and loss of water during windy storms. The top of the wooden frames was tilted slightly to shunt water away from the gutters and not contribute to throughfall overestimation. For a control reference, an additional wooden frame with a single tipping bucket rain gauge and the same arrangement of aluminum gutters to funnel rainfall was erected on the unobstructed rooftop of the nearby Botanical Garden administration building 100 m to the north and east of the six study trees. Following deployment in the field, all seven rain gauges were calibrated. Rainfall was recorded from August 26 to December 15, 2014. Data were downloaded on a biweekly basis or following large storms using HOBOware Pro software. At each downloading, maintenance was performed to Fig. 1 The two focal species observed in this study. Left: Albizia procera. Right: Calophyllum antillanum remove leaves and debris from the gutter channels and logger funnel screen, and relaunch congested loggers blocked with fine particulate matter or ant colonies.
Stemflow was omitted, as it typically represents a small fraction of total annual precipitation (Brooks et al. 2012) . In Puerto Rico, previous studies in closed-canopy forest calculated an average stemflow value of 2.3% total precipitation (Scatena 1990; Schellekens et al. 1999) . In Panama, measured values of stemflow in secondary forests range from negligible (Zimmermann et al. 2013 ) to 1.5% (Macinnis-Ng et al. 2012) of total precipitation. Urban studies have also calculated stemflow values of less than 5% (Guevara-Escobar et al. 2007; Xiao and McPherson 2011) , although Schooling and Carlyle-Moses (2015) reported a much higher stemflow value of nearly 23% beneath an individual urban tree during a single storm event.
Data on average storm wind speed, maximum sustained wind speed (sustained for at least two minutes), direction of maximum sustained wind speed, and average relative humidity were retrieved from a micro-meteorological station maintained by the UPRRP Agricultural Experimental Station located 500 m to the south of the study area, and the National Oceanic and Atmospheric Administration (NOAA) weather station located at the San Juan Luis Muñoz Marín International Airport.
Rainfall partitioning
Precipitation measurements were recorded during each storm. The tipping bucket rain gauges were designed to record rainfall in 0.2 mm intervals per each tip of the bucket, corresponding to a 182.41 cm 2 funnel area. The area of the gutters was approximately 8.8 times larger. Consequently, the recorded data were subsequently converted to reflect this difference in catchment areas, with each click representing approximately 0.02 mm of rainfall. Furthermore, the maximum converted rainfall rate that the gauges could handle was 14.5 mm/h. Individual storms were defined as wet periods with a total rainfall minimum of 1 mm (Asadian and Weiler 2009 ) separated by dry periods of at least 24 h (Xiao et al. 2000a ) to allow for canopies to regain storage capacity. Each storm contained one or more rainfall events, separated by inter-event rainless periods of at least 4 h (Xiao et al. 2000a ). Duration of storms was calculated as the total time from rainfall onset to cessation as recorded by the control logger. Maximum hourly storm intensity (SI max ) was calculated based on the greatest accumulated rainfall of any 1 h period during a storm (Zhang et al. 2016) . Maximum rainless gap (RG max ) was calculated as the greatest span of inter-event time within an individual storm during which the total rainfall was <0.1 mm/h, the typical wet-canopy evaporation rate during rainfall (Dunkerley 2015; Zhang et al. 2016) . A total of 18 discrete storms were recorded during the study period. A subset of 13 storms was chosen for analysis, corresponding to the availability of throughfall data for all six trees. For each of the selected storms, rainfall was partitioned according to a simplified interception model adapted from Xiao et al. (1998) , wherein canopy interception (I) was calculated as the difference between total rainfall (R) and throughfall Cartoon of tree type/canopy structure. Type/structure 1 represents the broadleaf evergreen tree C. antillanum, while type/structure 2 represents the broadleaf deciduous tree A. procera. c Throughfall collector beneath a C. antillanum individual (TH, including free throughfall and drip from leaves and branches).
I ¼ RÀTH ð1Þ
Rainfall and TH were totaled per individual storms and the entire measurement period, summing consecutive values recorded with temporal separation less than 24 h. Post-storm drip that occurred after the end time of a given storm and prior to the commencing of a subsequent storm was included in the interception total, such that interception loss was calculated following the termination of all TH (Xiao et al. 2000a ). Percent throughfall (% TH) was calculated by dividing throughfall by total rainfall. Total interception percentage (% I) was determined to be 100 minus percent throughfall. Relative interception losses (I r ) were calculated as the ratio of rainfall intercepted over total rainfall.
Statistical analyses
Average leaf area was compared between tree type, but sample sizes of three replicate individuals were too small and the method of leaf area assessment too uncertain to determine if there were statistically significant differences. Storm characteristics were totaled for individual storms and over the entire study period. Percent throughfall and I r were calculated per each individual tree and per tree type for discrete storms and for the entire study period. Linear models with repeated measures (n = 78) were used to evaluate the effects of tree type and SI max on I r and delay in the onset of TH. Throughfall was not explicitly included because it was implicitly represented by I r . Exploratory analysis revealed that R and duration were associated with SI max , and therefore those variables were not included in the models either. SI max was grouped into three categories according to the Federal Meteorological Handbook No. 1 (OFCM 2005): low (< 2.5 mm/h), moderate (2.5 to 7.6 mm/h), and heavy (> 7.6 mm/h)). This threshold for heavy intensity is conservative relative to the value of 78 mm/d (equivalent to an average of 3.25 mm/h) reported for severe rainfall events in San Juan by Méndez-Lázaro et al. (2014) . Replicates within tree type were introduced in the models as a block effect, and tree type and SI max were introduced as treatment effects, assuming there were no interactions between the blocks and treatments. The 24 h separation between consecutive storms was assumed to be sufficient time to allow complete canopy drying such that the storms could be considered statistically independent. A correlation matrix was constructed using Spearman's nonparametric rank test to identify relationships between TH and SI max (raw data, not grouped, n = 13), and between TH and RG max for individual trees of each type. Statistical analysis was performed using R software version 3.3.1 (R Core Team 2016).
Results
Tree morphology and storm characteristics
Measured DBH and crown dimensions of the six experimental trees are presented in Table 1 . Across all three individuals, Calophyllum had an average DBH of 28.2 ± 1.5 m, average tree height of 9.7 ± 0.3 m, average height to crown base distance of 3.1 ± 0.2 m, average crown diameter of 10.2 ± 0.3 m, and estimated leaf area of 41.5 m 2 ± 7.9 m. For Albizia, average DBH was 33.7 ± 0.7 m, average height tree height was 11.4 ± 0.4 m, average height to crown base distance was 3.1 ± 0.5 m, average crown diameter was 12.4 ± 0.2 m, and estimated average leaf area was 78.5 ± 4.6 m 2 . The resulting leaf areas calculated for both tree types fell within the 95% confidence intervals of predicted leaf area reported by Peper et al. (2001b) for the reference species utilized. Although statistical differences in leaf area were not tested for, we observed estimated values and distinct ranges between the two tree types that confirmed their general dissimilarity, with the average leaf area of Albizia being almost double that of Calophyllum.
The selected storms together produced a total rainfall (R) of 317.0 mm ( Table 2) . Five of the storms were relatively small, generating less than 7 mm each. Two relatively large (> 60 mm) storms together contributed 40% of R. The other six storms ranged in depth from 11 to 40 mm. Storm duration was also variable, stretching from approximately 1 to 129 h (Table  2) . Regarding SI max , two of the storms were of low intensity, five were of moderate intensity, and the remaining six exhibited heavy intensities. Average storm wind speed ranged between 6 and 14 km/h, with sustained maximum wind gusts between 14 and 35 km/h, blowing primarily from the northeast (Table 2) .
Average interception losses
For all 13 storms combined, average throughfall of the six trees was 80.4 ± 18.4%, and average interception was 19.6 ± 18.0% (Supplemental Table 1 ). Differences in I r were significant across storms (F = 32.45, p < 0.001). There was a wide span of interception losses across individuals of both tree types, ranging between −21.7 and 79.1%. A general trend of lower interception was observed for storms with greater R (Fig. 3a) . Two of the smallest storms (12 and 13) resulted in relatively high average I r of 60.9 ± 13.6% and 40.0 ± 8.5%, respectively, across all six trees. In contrast, only 10.3 ± 6.1% and 6.4 ± 14.0% of R was intercepted by the trees during the two largest storms (4 and 9). However, these differences in I r were not consistent among all small and large storms. During storm 11 when 6.2 mm of rainfall fell, an average of just 14.2 ± 6.0% was intercepted, while 20.1 ± 6.3% of the rainfall was intercepted during the much larger storm 8 (R = 39.8 mm). The range of I r observed among the six individuals also fluctuated between storms. In general, but not exclusively, a broader range of I r values was observed for storms with SI max categorized as low or moderate compared to storms with heavy SI max (Fig. 3b) . Furthermore, TH exceeded 90% of R recorded by the control logger for each of the six trees on one or more occasions. Throughfall exceeded 100% five times for the Calophyllum 3 individual only, resulting in negative I r values.
SI max (grouped into categories) was a significant factor in determining I r (F = 66.70, p < 0.001), and lower I r values were observed for more intense storms (Fig. 3b) . Interception proportions less than 10% frequently occurred for storms with R depths beyond 20 mm and SI max categorized as heavy (Figs. 3a and b) . Negative I r only occurred for very intense storms with SI max ≥ 11 mm/h. Rainfall intensity, as described by SI max , also had a significant effect on delay in TH reaching the ground (F = 6.57, p < 0.01). Throughfall delay varied from as little as a few minutes (e.g., storm 1) to several hours (e.g., storm 2), and was similar across individuals within each tree type (Supplemental Table 1 ). Longer delays occurred for storms that began with light rainfall Table 1 Descriptive structural characteristics of six urban tree canopies from two species representing broadleaf evergreen and deciduous tree types. Leaf areas were calculated using allometric equations from Peper et al. (2001b) C 1 * C 2 C 2 M e a n C1C2C3 followed by a rainless period of several minutes to hours. Percent canopy throughfall (% TH) was moderately to strongly correlated with SI max for the three Calophyllum individuals (0.52 ≤ ρ ≤ 0.79, 0.001 ≤ p ≤ 0.1), and strongly correlated with SI max for the three Albiza individuals (0.71 ≤ ρ ≤ 0.82, 0.0001 ≤ p ≤ 0.01). Throughfall was not significantly correlated with RG max for any of the trees from either type (all p > 0.1).
Interception comparison between tree types
The average I r of the three Calophyllum individuals was 16.4 ± 15.9%, while the average I r of the three Albizia individuals was 22.8 ± 19.3%. The proportional difference was not large and both tree types exhibited variability in I r , but the effect of tree type was significant (F = 5.56, p < 0.05). A relatively greater proportion of R was intercepted by Albizia for storms with SI max categorized as low or moderate (e.g., storms 6 and 12). However, post-hoc analysis in which low and moderate intensity storms were removed did not reveal significant differences in I r between tree types (F = 0.66, p > 0.1); i.e., for storms with SI max categorized as heavy, the I r for Albizia and Calophyllum were statistically similar. Furthermore, the effect of tree type was not important in the onset of TH (F = 0.10, p > 0.1), with the Calophyllum and Albizia trees delaying TH by similar amounts of time. Regarding correlations between SI max and % TH, there was no statistical difference in the means for each tree type (t = 1.49, p = 0.24), but the range of variability was greater for Calophyllum.
Discussion
Average interception losses
Many of the results correspond with conclusions reached by other researchers who studied open-grown urban trees. The average interception values of the Albizia and Calophyllum trees are similar to the range of 14 to 27% reported from central California (Xiao et al. 2000a; Xiao and McPherson 2011) , but are lower than the 43 to 48% interception losses observed in Central Brazil (Alves et al. 2018) . They are also much lower than the 59% interception loss from an urban tree canopy in Central Mexico (Guevara-Escobar et al. 2007) , and the 49 to 61% interception losses from temperate conifers in Coastal British Columbia (Asadian and Weiler 2009) . Differences in rainfall conditions, climate (evaporation in Mexico's high plateau was not limited due to low relative humidity and elevated temperatures) and tree canopy structure (the trees sampled in British Columbia were coniferous evergreens) probably account for some of these discrepancies. The high throughfall proportions that were observed in all individuals of both evergreen and deciduous types, and consistently under heavy rainfall conditions, suggests that rainfall amount and intensity were the dominant factors influencing interception values in our study. Our findings concur with numerous studies that have quantified the linkages between interception capacity and total precipitation and rainfall rate (e.g., Domingo et al. 1998; Xiao et al. 2000a, b; GuevaraEscobar et al. 2007; Šraj et al. 2008; Staelens et al. 2008; Alves et al. 2018) . Greater interception losses frequently occur in response to smaller, less intense storms; this can be explained by high canopy storage capacity that retains the small volume of water on the crown surface (Xiao et al. 2000b; Staelens et al. 2008; Xiao and McPherson 2016) . In contrast, as canopies become saturated, surface storage capacity decreases and throughfall and canopy drip increase (Xiao et al. 2000b; Keim et al. 2006) . This is particularly prominent in Fig. 3 The relationships between a total rainfall (R) and relative interception loss (I r ), and b maximum hourly storm intensity (SI max ) and I r for the two tree types. Filled black circles represent C. antillanum; open black triangles represent A. procera tropical settings with heavy rainfall events (Crockford and Richardson 2000) . Alves et al. (2018) reported average interception of 40% for urban rainfall of short duration and intensity, in contrast with 3.6% interception for the most intense and long-lasting events. In another study in the Amazon rainforest, almost 30% of measured throughfall exceeded total precipitation (Lloyd and Marques 1988) .
Yet average interception losses were not always comparable for storms of similar size, and negative values were only reported for one tree. What mechanistic factors contributed to the observed differences? It is common for stored moisture to remain on leaf surfaces from one storm to the next and affect storage capacity (Xiao et al. 2000b ). However, stored moisture was probably not a major factor in this study, due to the 24 h dry period used to separate storms. Rather, wind likely played a key role. Strong gusts of wind can lead to both underestimation of total rainfall and contribute additional precipitation from lateral directions (Manokaran 1979; Crockford and Richardson 2000; Van Stan et al. 2011 ). In our study, there were sustained gusts of intense wind during all storms, which could have affected the totals recorded by the loggers. Wind may have been particularly important during the five heavy intensity storms where negative interception values were observed in Calophyllum 3. This individual was situated on the edge of a loose clump of trees of the same species. Thus, its spatial position -exposed on one side to the winds that blew predominantly from the northeast -may have contributed to it receiving and retaining more direct rainfall, while partially blocking rain from reaching the other Calophyllum trees located downwind. Results from other studies have demonstrated that wind can affect the angle of incidence at which rainfall strikes more open-grown tree canopies and change the distribution of throughfall and stemflow (King and Harrison 1998; Xiao et al. 2000a ). Specifically, wind-driven rainfall at inclination angles of up to 45°from the vertical tends to concentrate on the upwind side and increase throughfall beneath that portion of the crown, while generating downwind rainshadows that can extend for several meters (David et al. 2006b; Van Stan et al. 2011) . High wind speeds can also increase crown drip that contributes to throughfall (Šraj et al. 2008) . Another possible explanation for the observed negative interception values in Calophyllum 3 is that the collection gutters were situated below canopy drip points, which can result in throughfall values that exceed total precipitation amounts (Bruijnzeel 2001; Chang 2006) . Šraj et al. (2008) , for example, attributed concentration from such drip points to higher throughfall values in forest trees in Slovenia.
Interception comparison between tree types
The relatively higher I r values observed for Albizia during storms categorized as low and moderate SI max were substantial enough to result in a significant interception difference between the two tree types. Multiple urban studies have shown that rainfall interception can differ between species because of variability in leaf area. For example, Xiao and McPherson (2002) , Xiao and McPherson (2011) , and Xiao and McPherson (2016) documented leaf surface area as contributing to differences in interception capacities between broadleaf evergreen, broadleaf deciduous, and coniferous trees. Livesley et al. (2014) compared urban canopy throughfall below two eucalyptus individuals from distinct species and with variable plant area indices, and found that total annual interception was greater for the species with denser canopy. Alves et al. (2018) likewise confirmed increased interception by urban trees with greater leaf area, and Holder and Gibbes (2017) identified a positive relationship between woody area to leaf area ratio and canopy surface storage that varied among urban species. In our study, the tree type with the larger average leaf area also exhibited a greater capacity to intercept rainfall. However, it is important to reiterate that the difference in leaf area between trees was not statistically evaluated due to a small sample size. Furthermore, the logarithmic regression equations used were proxies based on assumptions about structural similarities between tree types. Even when applied to trees for which they were specifically developed, regression models are more weakly correlated to true leaf area than sophisticated approaches using hemispherical photography (Peper and McPherson 2003) . Therefore, the observed differences in leaf area should be interpreted with caution.
Variability in internal canopy architecture between tree types is possible as well. More specifically, canopy gaps/leaf area, leaf shape, orientation and surface roughness, branch and trunk angle, flow path obstructions and their size/position along branches, bark type and thickness can all affect throughfall yield (Crockford and Richardson 2000; Xiao et al. 2000b; Keim et al. 2006; Brooks et al. 2012; Van Stan et al. 2015; Xiao and McPherson 2016) . Detailed branching structure was not evaluated in this study, but there were quantitative differences between the two tree types monitored. The Albizia crowns were on average about 2 m taller (Table 1) than the Calophyllum crowns. Large gaps between branches were also present in the canopies of the Albizia trees while the Calophyllum canopies were rounded (Fig. 1) . This variability likely led to heterogeneous patterns of canopy saturation and interception, which is reflected in the slightly lower correlation values between SI max and % TH observed among the Calophyllum individuals. Denser canopies can capture greater amounts of rainfall in windy conditions (Van Stan et al. 2011) , and projecting crowns with gaps increase the evaporation rate of intercepted water (Crockford and Richardson 2000; Šraj et al. 2008) . Furthermore, differences between tree types could have been compounded by canopy drip points that augmented throughfall (Chang 2006; Šraj et al. 2008) .
Modeling and field experiments have also demonstrated that interception capacity is influenced by evaporation (Huang et al. 2017) , and the removal of surface water from canopies by wind (Crockford and Richardson 2000; GuevaraEscobar et al. 2007; Xiao and McPherson 2016) . The effect of evaporation is especially prominent during extensive interevent periods without rainfall in arid environments (Zhang et al. 2016 ). Evaporation is not as crucial in humid subtropical environments dominated by intense storms (Brooks et al. 2012) , like San Juan. Still, the three Albizia individuals were open-grown and well exposed to wind from all sides, whereas the three Calophyllum were flanking one another. Even if evaporative drying was not a major factor contributing to large reductions in throughfall overall, it could have led to greater interception in the Albizia trees.
This leads us to conclude that both storm dynamics and structural morphology interacted simultaneously to influence interception outcomes. During smaller, less intense storms, differences between tree types persisted. However, when low and moderate intensity storms were removed and the interception responses to storms with heavy SI max values were analyzed alone, the differences disappeared. Therefore, the hydrologic outcomes of differences in canopy structure can be complex; structural variability may be sufficient to elicit functional disparities between individuals of dissimilar tree types under some storm conditions but not others. Had we only looked at a single individual of each tree species or compared storms of similar magnitude, it is possible we would have missed this interception heterogeneity.
Seasonal changes in phenology, such as the loss of deciduous leaves, could further accentuate interception differences between species. Xiao and McPherson (2002) investigated seasonal interception capacities of six tree species in Santa Monica, California in response to cumulative annual rainfall and discrete summer and winter events. Results showed that annual rainfall interception varied widely among tree species and sizes, but generally increased with longer foliation period and greater leaf surface area; average summer interception losses were 47% versus winter rainfall interception losses of 16%. Xiao and McPherson (2011) also observed a doubling in the percentage of rainfall intercepted from winter to summer events, owing to increased surface moisture storage associated with greater summer leaf area indices. Similar seasonal differences may likewise be at work in the urban tropics. Additional investigation is needed in San Juan to quantify the effects of season on canopy leaf area for deciduous vs. evergreen trees, and the resulting impact on interception capacity.
Conclusion
Our study advances understanding of interception processes by trees in the urban tropics and provides a much-needed data point for the Caribbean region. The findings underscore that the interception capacities of individual urban trees can be functionally diverse and spatio-temporally dynamic, in accordance with structural canopy attributes and micrometeorological conditions. During relatively small and less intense storms, the canopies of the six trees we examined influenced throughfall, the magnitudes of which varied by tree type and individual. However, interception capacity was severely limited during larger and more intense storms, regardless of tree type. These factors, along with tree cover, soil hydrologic groups, infiltration, storage, and other variables must be taken into consideration when developing strategies for managing stormwater flows, particularly in geographic locations where climate change is anticipated to increase rainfall intensity. Further evaluation of more individuals representing multiple species distributed across the urban landscape is necessary to determine the implications of these findings for watershed level runoff and flooding processes at the city scale. 
